Many isolates of Escherichia coli carrying bla OXA-48 referred to Public Health England's national reference laboratory during 2014 and 2015 shared similar pulsed-field gel electrophoresis (PFGE) profiles, despite coming from patients in multiple different hospitals and regions. Whole genome sequencing on an Illumina platform revealed that these belonged to sequence type (ST) 38. The OXA-48 gene is usually carried on a 62 kb IncL/M plasmid (pOXA48a), but those belonging to this ST appeared either to lack plasmid elements or to have only a partial complement. Two isolates, one belonging to a main cluster sharing identical PFGE profiles and the other having a distinct profile, were further sequenced on a minION. The long reads provided by the nanopore sequencing technology facilitated assembly of a much larger contig around the bla OXA-48 region, showing that both isolates shared a similar arrangement, with a plasmid fragment containing bla OXA-48 flanked by IS1R elements integrated into the chromosome, although the length of the plasmid fragment and the insertion site differed between the two isolates. That belonging to the main cluster contained a 21.9 kb Tn6237 insert, as previously described in E. coli EC-15 from Lebanon, but in a different insertion site. PCR mapping indicated that a further 14/31 representatives of this cluster also contained this insert in the same insertion site, with most of the remainder differing only by having additional E. coli sequence on one side of the insertion. This sub-cluster of ST38 was found from 25 different hospital laboratories, suggesting widespread distribution of a successful type.
INTRODUCTION
Carbapenems are regarded as last-resort antibiotics for treatment of infections caused by resistant Gram-negative organisms, but their efficacy is increasingly compromised by the production of carbapenem-hydrolysing enzymes, including OXA-48. Since its first description in Klebsiella pneumoniae from Turkey in 2003 (Poirel et al., 2004) , the bla OXA-48 carbapenemase gene has been reported almost exclusively in an approximately 62 kb IncL/M 'epidemic' plasmid (or closely related derivatives), indicating that a single plasmid is largely responsible for the spread of the gene. Subsequently it was also found in other members of the Enterobacteriaceae, including Enterobacter cloacae, Enterobacter aerogenes, Citrobacter spp., Klebsiella oxytoca, Raoultella planticola and Escherichia coli (Poirel et al., 2012; Potron et al., 2013; Beyrouthy et al., 2014) . Isolates carrying bla OXA-48 are therefore usually diverse in type, species and genera.
During 2014, however, many of the E. coli isolates carrying bla OXA-48 (or closely-related variants bla OXA-181 and bla ) that were referred to Public Health England's national reference laboratory were remarkably similar by pulsedfield gel electrophoresis (PFGE), despite coming from multiple different UK hospitals and regions of the country, which was not consistent with an outbreak. By contrast, the remaining isolates had diverse profiles. Whole genome sequencing revealed a preponderance of sequence type (ST) 38 (accounting for approximately 47 % of OXA-48-positive E. coli isolates) and indicated that these either lacked identifiable plasmid elem ents, suggesting a chromosomal location of bla , or carried only a partial complement of the elements found in the 62 kb IncL/M plasmid (pOXA48a) (AMRHAI Reference Unit, unpublished data).
Chromosomal integration of a plasmid fragment derived from the pOXA-48a plasmid has been described among isolates of E. coli from Lebanon of various sequence types (STs 38, 88, 127, 131, 227) , with a 21.9 kb insert containing plasmid fragment flanked by IS1R elements designated Tn6237 being reported in a disrupted histidine kinase gene (Beyrouthy et al., 2014) . The authors suggested that chromosomal integration of the OXA-48-encoding gene promotes its persistence and expression at low levels. ST38 as a host for bla OXA-48 has also been specifically highlighted as an emerging type, originally with links to Egypt, and it has been suggested that it is endemic to the African continent . It has been described in humans in France, Lebanon (Beyrouthy et al., 2014) , the UK (with attempts to transfer the gene proving unsuccessful, inferring a chromosomal location) (Dimou et al., 2012) , Finland (Österblad et al., 2012) and Switzerland (Zurfluh et al., 2015) and recently from fowl in Lebanon (Al Bayssari et al., 2015) .
In order to understand better the emergence of ST38 as a common carrier of bla OXA-48 among UK isolates of E. coli, we investigated the sequences around the OXA-48 gene in 45 non-duplicate isolates of ST38 referred to the national reference laboratory between 2013 and 2015.
METHODS
Bacteria. All non-duplicate isolates of E. coli carrying an OXA-48-like carbapenemase gene (139) referred to the AMRHAI Reference Unit between late 2013 and April 2015 were typed by PFGE and screened for the presence of plasmid elements by whole genome sequencing on a HiSeq instrument (Illumina). The vast majority (23/26) of those lacking identifiable plasmid elements (at least on initial analysis) belonged to ST38; the others belonged to STs 73 (1), 940 (1) and 227 (1). These 23 isolates (from 18 hospital laboratories) of ST38 were selected for further study. A further set of 22 isolates of ST38 belonging to the most common PFGE type found (referred to as OXA-48 cluster 2) was also studied; while IncL/M plasmid elements (IncL/M-parB) had been detected in these, none had the complete complement of elements found in the IncL/M pOXA-48a plasmid (Poirel et al., 2012) .
PFGE of XbaI-digested genomic DNA was carried out as described previously (Woodford et al., 2004) . Illumina sequencing was carried out on a HiSeq instrument as previously (Turton et al., 2015) , except that the DNA had been extracted on a QIASymphony instrument following treatment with proteinase K and RNase A in ATL buffer (QIAGEN) prior to library preparation. bla OXA-48 was sought by in-house PCR, and the exact allele determined from the Illumina sequence. Plasmid elem ents and multilocus ST were also identified from the Illumina sequences. A maximum-likelihood phylogenetic tree was reconstructed on the basis of core genome single nucleotide polymorphism (SNP) differences of sequenced genomes, using the oldest isolate (isolate 3) as reference. The tree was generated with MEGA6 by the Tamura-Nei model for nu cleotide sequences with uniform rates at all sites (Tamura et al., 2013) . The bootstrap method with 500 replicates was used as a test of the phylogeny. minION sequencing. Genomic DNA was prepared using a GeneJET Genomic DNA Purification kit (Thermo Fisher Scientific). MinION sequencing was carried out following preparation of a library from freshly prepared genomic DNA using protocols current at that time (May/July 2015) on Oxford Nanopore Technologies MinION Access Programme (MAP) user guides and protocols community pages with a SQK-MAP005 nanopore sequencing kit (Oxford Nanopore Technologies). Briefly, 1 µg of genomic DNA was sheared in a total volume of 81 µl in a Covaris g-TUBE (Covaris) at 4200 r.p.m. on an Eppendorf 5424 centrifuge to generate fragments of approximately 23 kb. The sheared DNA fragments were then subjected to end-repair, dA tailing, ligation to a nanopore sequencing adapter and tether attachment [to link the two strands of the DNA molecule to allow 'two-direction (2D)' reads] exactly as described in the SQK-MAP005 Genomic DNA Sequencing kit protocol using New England BioLabs reagents (NEBNext End Repair Module, NEBNext dA-Tailing Module, Blunt/TA Ligase Master Mix) in addition to those provided in the sequencing kit. Between each step, the DNA was cleaned using Agencourt AMPure XP beads (Beckman-Coulter) or, for the final step, His-Tag beads (Thermo Fisher Scientific) prewashed with bead binding buffer. The final 'pre-sequencing mix' was eluted with 25 µl elution buffer and contained approximately 300 ng (isolate 1) or 100 ng (isolate 2) of DNA, as measured on a Qubit fluorimeter. Pre-sequencing mix (12 µl) was added to 75 µl 2Â running buffer, 60 µl water and 3 µl fuel mix and loaded onto a prepared MAP003 (R7.3) flow cell on a minION and the 48 h protocol run using the minKNOW software provided by Oxford Nanopore Technologies. Further additions of pre-sequencing mix (6 µl) in a total volume of 150 µl 1Â running buffer containing 3 µl fuel mix were made after approximately 12 and 24 h. Yields of 2D reads were 163 Mb (isolate 1) and 47 Mb (isolate 2), the smaller yield for the second isolate being due to an overnight computer crash early in the run. Longest reads were 42 728 bases (isolate 1) and 45 331 bases (isolate 2).
Analysis. MinION reads generated were base-called using cloud-based Metrichor analysis, and a FASTA file of the 2D 'pass' reads, together with the FASTQ files from Illumina sequencing, used for assembly of hybrid minION/Illumina contigs with SPAdes 3.1.1 (using k-mers of 21, 33, 55, 77) (Bankevich et al., 2012) on a Public Health England Galaxy platform (https://galaxyproject.org/). In addition, reads were 'blasted' against the sequence of bla OXA-48 and surrounding elements on the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the megablast algorithm (for highly similar sequences) to identify those containing bla OXA-48 and to use the long reads to verify linkages between relevant parts of the final sequences described. All E. coli/bla OXA-48 -fragment junctions were confirmed by Sanger sequencing using PCR primers designed from the sequences generated (see PCR section).
PCR. Primers were designed from the sequences obtained from isolates 1 and 2 to amplify the regions at either end of the E. coli/bla OXA-48 -fragment junctions (Table S1 available in the online Supplementary Material). PCRs were carried out on a further 43 isolates of bla OXA-48 -positive ST38 E. coli using isolates 1 and 2 as positive controls. bla OXA-48 -IS1 transposase fragments were also amplified. PCRs were carried out using the QIAGEN Taq Core kit with final concentrations of 400 nM each primer, 200 µM each dNTP, 1Â PCR buffer containing 15 mM MgCl 2 (QIAGEN) and 2 µl crude DNA extract and 1.5 U Taq DNA polymerase per 25 µl reaction. Thermocycler conditions were 95 C for 3 min, followed by 35 cycles of 95 C for 30 s, 56 C for 30 s, 72 C for 1 min, and a final extension of 72 C for 5 min.
RESULTS AND DISCUSSION
During the time period examined (late 2013 to April 2015), 69 non-duplicate isolates of carbapenemase-producing ST38 were sequenced by Illumina technology, of which 23 lacked identifiable plasmid elements on initial analysis. All but three of these 69 isolates had bla OXA-48 (54/66), bla OXA-without identifiable plasmid elements had bla OXA-48 (rather than a variant); the exception was isolate 3 with bla OXA-244 . The remaining 43 isolates had various plasmid elements detected, of which IncL/M-parB alone was by far the most common; two had both IncL/M-parB and IncL/M-traU. However, IncL/M plasmid replicons were not detected in any of these.
PFGE analysis of the initial set of 23 isolates had shown that 10 of them shared identical or highly similar profiles and belonged to a main cluster referred to as 'OXA-48 cluster 2' (Fig. 1) . While many of the remaining isolates also shared similar profiles, they were more diverse than this set. The 10 isolates of 'OXA-48 cluster 2' were from 10 patients from nine different hospitals distributed in various regions in England (east of England, London and south-east England, the West Midlands and northern England). SNP analysis of the whole genome sequences, using the oldest isolate as reference, confirmed the close relationship between isolates belonging to 'OXA-48 cluster 2' (Group A), and that the other isolates were more diverse (Fig. 2 ).
Further sequencing of two of the isolates (isolates 1 and 2), one belonging to 'OXA-48 cluster 2', on the minION allowed assembly of the fragments into larger contigs which extended beyond the transposase elements present (GenBank accession numbers KT444704 and KT444705). The long reads generated were critical in identifying the E. coli gene/transposon elements/plasmid fragment junctions which confirmed that the bla OXA-48 was inserted in the chromosome within fragments found in previously described OXA-48 plasmids (e.g. GenBank accession number JN626286) from various organisms, all of which are highly similar (Table 1) . With the combination of minION/ sequencing kit (SQK-MAP005) that we used, the minION reads had gaps (7-11 %) and gave matches of only up to 88 % with the actual sequence on BLAST comparisons; hence the importance of combining the long minION reads with the shorter, more accurate Illumina reads in a hybrid assembly. The two isolates had different lengths of plasmid fragment (9.7/11.2 and 20.4/21.9 kb, respectively, not including/including the IS1-like elements on either side); these fragments were also inserted in different places in the Table 2 ). Isolates marked with squares, diamonds and stars belong to groups B, C and D, respectively in Table 2 . We noted a 9 bp repeat (GATATCGAG nt 46 071 to 46 080 and 57 252-57 260 of KT444704) in isolate 1 either side of the IS1-like mobile element but did not identify a similar repeat in isolate 2, the 25 bp of sequence either side of these elements in this isolate being TACGATCCTCATCAAACTCATAGGC (LHS) and AGCAATTCATAAATCTCATTATCAT (RHS) (Fig. S1 ).
Having identified the E. coli gene/IS1R/OXA-48 plasmid fragment junctions, primers were designed to amplify fragments that would further confirm these junctions and also allow investigation of whether they were present in the other OXA-48-positive isolates in the set (Table S1 ). Sanger sequencing of the amplicons obtained from isolates 1 and 2 confirmed that the junction sequences were correct. PCR examination of the remaining 21 isolates with various primer combinations (Table 2) revealed that all of those belonging to 'OXA-48 cluster 2' shared the same junctions as isolate 2, itself a representative of this type, and likewise had a plasmid fragment insert of approximately 20.4 kb (21.9 kb including the flanking IS1R elements) (Fig. 3) (Group A). Isolate 1 appeared to have a unique junction/insert length arrangement among the set with a plasmid fragment size of only 9.7 kb (11.2 kb including the flanking IS1R elements) (Fig. 3) . Other isolates shared the same insertion site found in isolate 1, but had a larger plasmid fragment insert. Hence isolates 12-17 inclusive (Group B) shared the same 20.4 kb plasmid fragment between the IS1R elements (21.9 kb insert in total) as isolate 2, but in the insertion site of isolate 1. The yjiK/IS1R/korC junctions are shown in Fig. S2 . Isolates 20 and 21 (Group C) likewise shared the same insertion site as isolate 1 but had an intermediate-sized plasmid fragment (approximately 12.9 kb) between the IS1R elements. This analysis indicates that the only isolates not sharing the same insert site as either isolate 1 or 2 were isolates 22 and 23 (Group D), which only gave amplicons in the OXA-48/IS1 transposase PCR, at least suggesting that they have a similar arrangement at that end of the insert, albeit with a different insertion site.
Mining of the genome sequences for resistance genes showed that most of the 'OXA-48 cluster 2' isolates shared the same resistance gene complement (genes coding for OXA-48, CTX-M-14, CMY-2, TEM-1, aadA-1b, mdfA, sat2A, catA-1) with the exception that isolate 3 was unique among the 10 isolates; it had bla OXA-244 rather than bla OXA-48 , had additional genes not detected in the other isolates aph (6) Fig. 3 . Insertion sites/plasmid fragment inserts found in isolates 1 and 2. In overview (a) yellow arrows indicate E. coli genes, blue arrows transposases in the IS1R elements flanking the plasmid fragments and red rectangles the plasmid fragments containing bla . E. coli genes with asterisks in isolate 2 are truncated. The 9 bp direct repeat found either side of the IS1 element in isolate 1 is shown. The plasmid fragment inserts found are shown in more detail in (b). Orange arrows indicate plasmid fragment genes, with the exception of bla OXA-48 which is coloured red. Numbers indicate nucleotide positions in KT444704 and KT444705. (EAEC) transport regulator gene (aggR), located on the EAEC plasmid, in these isolates. In keeping with the association of ST38 with urinary tract infections, 13/23 of these isolates were from urine.
The ten isolates of 'OXA-48 cluster 2' included in the study set constituted only approximately a quarter of those of this type we had seen in total. It seemed likely that most, if not all, would contain similar chromosomally integrated plasmid fragments and we therefore sought the junctions common to these ten isolates in a further 22 isolates of this type. IncL/M-parB elements had been detected in many of these by Illumina sequencing, consistent with a Tn6237 plasmid fragment insert. All the isolates gave amplicons in the OXA-48/IS1 PCR (PCR 3) and PCR 6, showing that they shared the same plasmid fragment/E. coli gene RHS junction as isolate 2. Some (5/22) gave amplicons of the same size as isolate 2 in the membrane protein/korC PCR (LHS junction), but most of the remainder gave considerably larger amplicons in this PCR (most giving amplicons of approximately 6 kb; one giving an amplicon of approximately 4 kb). Partial Sanger sequencing of two of these amplicons (one 4 kb, the other 6 kb) showed that these isolates also had a Tn6237 insert, with the same insertion location on the RHS as isolate 2, but had additional E. coli sequence on the LHS side of the junction that corresponded, over the first 760 bp of sequence determined, to nt 4 225 093 to 4 225 852 of accession number FN649414 (ETEC H10407), suggesting that these isolates have less 'missing sequence' than that indicated for isolate 2 and the other isolates giving smaller amplicons (1.8 kb) with these primers. Both shared the same sequence on the E. coli side immediately following the IS1R element on the RHS as isolate 2 (AGCAATTCA-TAAATCTCATTATCAT). The 32 isolates of cluster 2 examined were from 21 hospital laboratories, from eight different regions in the UK, including Wales and Northern Ireland; in total, by mid-2015, this type had been received from 40 patients from 25 hospital laboratories.
This work highlights the value of nanopore sequencing for finding the context of resistance genes, which are often in the vicinity of elements that are found in multiple places in the genome, making it extremely difficult to determine their environment reliably from short-read methods. In line with this, others have successfully used this approach for describing antibiotic resistance islands (e.g. Ashton et al., 2015) . Nanopore sequencing of relevant amplicons could also have been helpful in this study, particularly for the subsequent isolates once the junctions had been identified in the first two, this having the advantage that the reads are exclusively of the sequence under investigation, would cover the whole amplicon in a single read and can be determined in multiple isolates (up to 12) at once if a PCR barcoding kit is used.
We have demonstrated that there is a clear association between chromosomal integration of plasmid fragments containing bla OXA-48 and E. coli ST38 isolates, albeit with some variation both in insertion site and length of plasmid fragment insert. Furthermore, the same IS1-like elements, termed IS1R, were found at either side of the plasmid fragment in all isolates for which the sequence was elucidated. We also revealed multiple instances of clonally related E. coli ST38, most notably those belonging to 'OXA-48 cluster 2', which shared the same IS1R-bound chromosomally-integrated plasmid fragment containing bla OXA-48 located in the same insertion site. This clearly suggests clonal expansion of this successful type. Of note, these isolates were found in multiple hospitals, often with no obvious epidemiological links between them, suggesting wide dispersion.
